Abstract: Along eight forest-savanna transects at seven semi-deciduous forest islands in the southern Comoé National Park data on spatial distribution of tree-size classes and environmental parameters (fuel load, shading by upper tree layers, and soil depth) were collected. For dominant tree species, a sequential series was observed from the forest border into the forest interior. At the forest border, Anogeissus leiocarpus was the most abundant tree with juveniles (<1 cm dbh) reaching highest density values (mean of 502 individuals ha −1 ) at the outer periphery of the forests. Regression analysis of juveniles of dominant tree species and environmental parameters resulted in a separation of forest and savanna species. Forest tree species regenerated well at forest sites, but also in the shade of A. leiocarpus stands. We conclude that (1) the studied forest islands advance against savanna by sequential succession, and (2) A. leiocarpus has a high potential to regenerate at savanna-forest boundaries under moderate fire impact and on rather shallow soils. The potential of A. leiocarpus to act as an important pioneer in the replacement of savanna by forest due to its effective regeneration at savanna sites and subsequent modification of site conditions, especially fire intensity by shading out savanna grasses, is discussed.
INTRODUCTION
Throughout much of the Sudanian and Guinea region of West Africa, forest islands consisting of deciduous and evergreen tree species embedded in savannas are characteristic landscape elements (Neumann & Müller-Haude 1999) . Most parts of West Africa are profoundly altered by human activities (White 1983) . Consequently, forest islands surrounded by savanna are often interpreted as forest relicts of formerly continuous forests, and savannas as degraded sites (see reviews in Hopkins 1992 , Neumann & Müller-Haude 1999 , but for some areas in the Guinea region studies that emphasize sociological topics (Fairhead & Leach 1996 , Jones 1963 claim humans as being responsible for the maintenance or even establishment of forest islands.
For the Sudanian and northern Guinea zone in Nigeria, Keay (1959) assumed that moist forest, savanna 1 Corresponding author. Email: klaus.hennenberg@uni-rostock.de woodland and transition woodland might have coexisted as a result of the interaction of climate and site conditions for a long time before human impact became stronger. Palynological studies also support this view. In the Sudanian zone in north-eastern Nigeria, for example, savanna vegetation and frequent fire have occurred throughout the last 11 000 y. This leads to the conclusion that closed dry or semi-deciduous forest has never completely displaced savanna vegetation (Salzmann 2000 , Salzmann et al. 2002 . Thus, the ecotone between forest and savanna can be interpreted as a common natural element of the West African landscape including dynamic processes such as forest succession and savanna encroachment (Gosz 1991 , McCook 1994 .
For the northern Guinea and Sudanian zone, several authors have documented a high abundance of Anogeissus leiocarpus (DC.) Guill. & Perr. (Combretaceae), a large deciduous tree, at forest borders (Letouzey 1969 , MacKay 1936 , Poilecot et al. 1991 . Nansen et al. (2001) and Neumann & Müller-Haude (1999) point out that A. leiocarpus may play an important role in forest succession. In this article, we focus on two questions:
(1) Do forest islands spread into savanna by sequential succession? (2) What are favourable regeneration sites for A. leiocarpus compared with other dominant tree species? To answer these questions we present results obtained along eight forest-savanna transects, referring to environmental parameters, size-class distributions of tree individuals with a focus on A. leiocarpus, and regression analysis of juveniles of dominant tree species and environmental parameters. Finally, we discuss the potential of A. leiocarpus to act as an important pioneer species in the forest-savanna mosaic.
STUDY SITE
Our study was carried out in an area of 40 km 2 (8 • 44 -41 N, 3
• 51 -47 W) in the southern part of the Comoé National Park (CNP), which has been protected since 1926 (Poilecot et al. 1991) . The CNP is located in northeastern Ivory Coast in the transition between the northern Guinea and southern Sudanian zone. In the southern region of the CNP, total annual rainfall ranged from 856-1248 mm (study period: 1993 -2000 Fischer et al. 2002) . During the wet season from March to October about 90% of the annual rainfall occurred. The region (about 220 m asl) is characterized by a smooth and levelled relief with slope inclinations of normally less than 4%. Soils are impoverished sandy to loamy Ferralsols above Precambrian granites with a medium cation exchange capacity and a pH ranging from [4] [5] [6] unpubl. data) . Small areas of lateritic crusts or banks outcrop at some places. In general, unfertilized soils are poorly to moderately suited for cultivation as in most areas in north-eastern Côte d'Ivoire (Wiese 1988) .
The semi-natural forest-savanna mosaic of the CNP includes different savanna types (85% cover), gallery forest (2.3% cover) and forest islands (8.4% cover; Roth et al. 1979) . The size of the forest islands varies between less than 0.5 ha and up to 200 ha. According to Poilecot et al. (1991) the forest islands in the south-western part of the CNP can be classified as a less diverse variant of dense humid semi-deciduous forest of the Celtis spp. and Triplochiton scleroxylon type (Guillaumet & Adjanohoun 1971) . Important human impacts are uncontrolled annual burning of the savanna and poaching. Annual dry-season fires mainly occur in savannas and seldom enter dense forests. Poaching has led to a dramatic decrease of wild animals, especially large herbivores such as elephants and numerous antelope species (Fischer & Linsenmair 2001) .
STUDY SPECIES
In West and East Africa, Anogeissus leiocarpus colonizes the Guinea and Sudanian Domain (Wickens 1976 ). White (1983) describes A. leiocarpus as a typical element of woodlands and savannas of the Sudanian regional centre of endemism. From the northern Guinea zone up to the Sahelian zone, the species can be found in savannas, dry forests and gallery forests (Couteron & Kokou 1997 , Hahn-Hadjali 1998 , Müller & Wittig 2002 , Neumann & Müller-Haude 1999 .
This species of deciduous tree can grow up to a height of 15-18(-30) m (Arbonnier 2002 ). The crown is generally sparse (Neumann & Müller-Haude 1999) . Fruits of A. leiocarpus contain about 40 wind-dispersed seeds of 10 mg each (Hovestadt et al. 1999) . Seeds ripen during the dry season and germinate mainly at the beginning of the rainy season. A seed bank is absent (B. Orthmann et al., unpubl. data) .
METHODS

Sampling design
In the study area the borders of forest islands were mapped with a handheld GPS (GPS 12, GARMIN International, Inc., Kansas, USA) and seven large forest islands (21-146 ha) were selected. The interior of the studied forest islands was dominated by Diospyros abyssinica and Tapura fischeri in the understorey, D. mespiliformis, Dialium guineense, and Celtis zenkeri in the upperstorey and usually contained scattered Cola cordifolia, Ceiba pentandra and Milicia excelsa (see also tree inventories in Hovestadt et al. 1999) . Many species in the understorey stay foliated during the dry season, whereas leaf fall occurs for most species in the upperstorey. Thus, the chosen forest islands are classified as semi-deciduous.
At the seven forest islands we installed, perpendicularly to the forest border, eight transects from the savanna into the forest interior, one transect at each forest island, except the largest forest island which had two. Transects were chosen such that on both sides of the transects the forest border was as straight as possible to provide standardized conditions. Distances between endpoints of different transects were at least 1 km. From those locations matching our criteria, transect positions were selected randomly. The northern and southern part of the largest forest island were treated as two islands.
Each transect was divided into five segments ( Figure 1 ): savanna (Sav), savanna ecotone (S-Eco), belt ecotone (B-Eco), forest ecotone (F-Eco), and forest (For). To attain a higher resolution near the forest border, the transect segments S-Eco, B-Eco and F-Eco were subdivided into three subsegments (Figure 1 ). The B-Eco segment was distinguished from the S-Eco segment by the criterion of a higher amount of savanna grasses such as Panicum phragmitoides and Hyparrhenia smithiana in the savanna ecotone and from the F-Eco segment by a higher density 
Environmental parameters
Recorded environmental parameters were fuel load, shading by upper tree layers, and soil depth. Fuel load was estimated as total cover of highly inflammable biomass (grasses, herbs and grass litter). Shading by upper tree layers was estimated as the total cover of the vegetation strata above 5 m. Soil depth was determined by driving a steel rod with a diameter of 1 cm into the soil with 10 replicates per plot (cf. Hartge & Horn 1992) .
Diameter classes of trees and density measurement
Tree data were collected from February to May 2002. Tree density was calculated for four diameter classes (DC1: < 1 cm dbh, DC2: 1-< 6 cm dbh, DC3: 6-< 30 cm dbh, DC4: ≥ 30 cm dbh) which were adjusted to growth of A. leiocarpus. Tree individuals of this species with a dbh ≥ 1 cm are thought to be less vulnerable to fire than smaller individuals. Trees ≥ 6 cm dbh reach the upper tree layer, and trees ≥ 30 cm dbh show a significantly higher seed production than smaller tree individuals. Plot counts were used to record tree density in 2001/2002. Nomenclature follows Lebrun & Storck (1991 .
Statistical analysis
To detect differences in tree density and environmental parameters between the five transect segments along the eight transects, a two-way ANOVA (UNIANOVA, SSTYPE(1), SPSS 11.0) was applied. The nested model was firstly specified by 'transect' as a random factor, and secondly by 'transect segment' within transects as a fixed factor. When significant differences (α < 0.05) were detected between the five transect segments, a multiplerange test (TUKEY, α = 0.05, SPSS 11.0) was applied. Tree density data were log-transformed (log(x + 1)) to meet the assumptions of homoscedasticity and normality. Means and standard errors were back-transformed to the original scale for presentation. For regression analysis between abundance of tree juveniles and environmental parameters Spearman's rank correlation coefficient (r s ) was calculated (SPEARMAN TWOTAIL NOSIG, α = 0.05, SPSS 11.0).
RESULTS
Environmental parameters
Differences for the three environmental parameters (fuel load, shading by upper tree layers and soil depth) along the transects are given in Figure 2 . The highest fuel load ( Figure 2a ) occurred at the savanna segment (Sav, cover of inflammable material c. 80%), followed by the savanna-ecotone segment (S-Eco; cover of inflammable material c. 60%). These two segments clearly differed from B-Eco, F-Eco and For segments (cover of inflammable material c. 25%, Figure 2a ). Shading by upper tree layers ( Figure 2b ) was highest at the forest segment (For; cover of upper tree layer c. 20%) and decreased continuously in the direction of the savanna segment (Sav; cover of upper tree layer c. 2%). These two parameters were negatively correlated (r s = − 0.739, P < 0.001) and reflect the ecological gradient from savanna to forest. However, soil depth did not differ significantly along the transects (Figure 2c ).
Structures of tree populations
The population structure of A. leiocarpus and of all trees showed a typical age pyramid, with high densities of smaller diameter classes (DC1: up to 8000 individuals ha −1 ) and lower densities of larger diameter classes (DC4: up to 65 individuals ha −1 ; Figure 3 ). Except for the smallest diameter class, which was randomly distributed along the transects (Figure 3a) , density values for all tree species were significantly higher in the forest (For) and lower in the savanna (Sav), with a gradual change being observed at the S-Eco, B-Eco and F-Eco segments (Figure 3b-d) .
Anogeissus leiocarpus itself was almost completely absent from the forest and savanna segments (For, Sav; Figure 3 ). All diameter classes occurred with high-density values near the forest border (S-Eco, B-Eco, F-Eco). There, the diameter class composition of A. leiocarpus indicated a gradual change with the smallest diameter class (DC1) being most abundant towards the savanna-ecotone segment (S-Eco, B-Eco; Figure 3a) , the two intermediate diameter classes (DC2 and DC3) in the belt-ecotone segment (B-Eco; Figures 4b and c) and the largest trees (DC4) towards the forest-ecotone segment (B-Eco, F-Eco; Figure 3d ). For the whole data set presented in Figure 3 , no significant differences between transects or combination effects between transects and transect segments were observed.
We found a clear spatial sequence of the dominant tree species A. leiocarpus, Combretum nigricans, Diospyros mespiliformis, D. abyssinica and Dialium guineense from the forest border towards the forest interior (see Appendix). To some extent, we also observed a spatial sequence of diameter classes for the latter four species, with younger individuals being more frequent towards the savanna.
Regeneration of tree species
Correlation analysis of density values of diameter class DC1 of dominant tree species and environmental parameters resulted in high correlation coefficients with values up to 0.59 (Table 1) . Within the analysis, two species groups could be separated: firstly Detarium microcarpum, Crossopteryx febrifuga and Vitellaria paradoxa that regenerated in a savanna environment (high fuel load, low shading by upper tree layers), and secondly Diospyros mespiliformis, D. abyssinica and Dialium guineense that regenerated in a forest environment (low fuel load, Table 1 . Regression analysis of diameter class DC1 of 10 dominant tree species and three environmental parameters (n = 87). Spearman's rank correlation coefficient; significant correlations (2-tailed, testwise error rate with Bonferroni correction): * P < 0, 017; * * P < 0.003; * * * P < 0.0003. high shading by upper tree layers; 
DISCUSSION
Do forest islands spread into savanna by sequential succession?
At the semi-deciduous forest islands studied in the CNP, an ecotone between forest and savanna dominated by Anogeissus leiocarpus occurred. For the northern Guinea zone several authors have noted that A. leiocarpus can be an element of boundaries of forest islands and gallery forests (Clayton 1958 , Hall & Swaine 1981 , Jones 1963 , Letouzey 1969 , MacKay 1936 , Poilecot et al. 1991 , Porembski 2001 . In general, succession is characterized by a sequential turnover of species in time (Huston & Smith 1987 , Sheil et al. 2000 . Our detailed distribution data on A. leiocarpus along forest-savanna transects reveal a sequence of size classes in space, and so do our data on dominant forest-tree species and their regeneration in the understorey of A. leiocarpus stands, too (compare Appendix). In the border zone, older individuals of A. leiocarpus were increasing towards the forest interior, younger mainly towards the savanna. This can be interpreted as a sign of sequential succession of the forest border into the savanna with A. leiocarpus facilitating the establishment of the other forest species. Thus, the studied type of forest border appears to encroach into the adjacent savanna in the CNP. This accords with interpretations in Neumann & Müller-Haude (1999) . However, the high number of juveniles of A. leiocarpus at the forest-savanna border could also be interpreted as firesuppressed juveniles (see Higgins et al. 2000) , supporting the interpretation of the forest border as being more stable. The contrary assumption that savanna formations encroach into forests by sequential succession is to be rejected for two reasons: firstly, no similar sequential patterns could be found for tree species dominating the sequence of savanna plots (see Appendix) and, secondly, at the belt-ecotone segment the environmental parameter fuel load reflecting savanna conditions was clearly similar to forest and not to savanna segments. Thus, we support the assumption of Hovestadt et al. (1999) that forest decline should occur by sudden events like, for example, drought periods with increased tree mortality (Condit et al. 1995 , Gascon et al. 2000 , Swaine et al. 1992 .
What are favourable regeneration sites for Anogeissus leiocarpus?
The correlation analysis for the density of young A. leiocarpus individuals and selected environmental parameters (fuel load, shading of the upper tree layer, and soil depth) showed that juveniles of A. leiocarpus occur at sites characterized by an intermediate amount of inflammable material and rather shallow soils. These conditions can typically be found at forest borders of the studied forest islands. In West Nigeria, Letouzey (1969) observed a high recruitment rate of A. leiocarpus in savannas adjacent to forest-island borders dominated by A. leiocarpus. Soil conditions at A. leiocarpus sites were more beneficial than in the open savanna, but this might be a result of positive effects of A. leiocarpus on soil conditions (Sobey 1978) . In southern Burkina Faso, A. leiocarpus was frequent at locations with shallow, poor soils, unfavourable for agriculture (Neumann & Müller-Haude 1999) . In accordance with our results, Sobey (1978) points out that regeneration of A. leiocarpus seems to be favoured at sites with reduced fire intensity or frequency (north-western Ghana, see also Hall & Swaine 1981) . Fairly 'humid' climate with an annual rainfall of above 900-1000 mm may allow fires of high intensities in open savannas. This might be the reason why A. leiocarpus is missing at such sites, while under drier climate conditions with fire of lower intensity A. leiocarpus regenerates well in open savannas (e.g. at 500-700 mm y −1 in Burkina Faso; Couteron & Kokou 1997) . However, in the Sahel region low water availability seems to restrict A. leiocarpus to gallery forests (Müller & Wittig 2002) .
The potential role of Anogeissus leiocarpus in the forest-savanna mosaic
Factors maintaining savannas are complex and may be unique for each savanna (Higgins et al. 2000 , Scholes & Archer 1997 , van Langevelde et al. 2003 , Walter 1979 . Looking for general patterns, Jeltsch et al. (2000) have identified two groups of 'buffering mechanisms' that reduce the probability of a shift either from savannas to forest (e.g. buffered by fire, elephants or seed predators) or from savanna to grassland (e.g. buffered by microsites favouring tree establishment or grazers), and thus lead to a grass-tree coexistence. Fire as a prominent buffering mechanism (Jeltsch et al. 2000) is of paramount importance for the distinctive physiognomy of humid savannas in West Africa (Couteron & Kokou 1997 , Gignoux et al. 1997 , Hochberg et al. 1994 , Swaine et al. 1992 . In this region, fire-exclusion experiments have resulted in closed forest stands within 30-60 y (Keay 1959 , Louppe et al. 1995 , Swaine et al. 1992 . Reduced fire intensity and frequency can occur on termite mounds of the genus Macrotermes (Bloesch 2002 , Harris 1971 , at abandoned village sites (Lawson et al. 1968 , Sobey 1978 , and in the shade of trees (Mordelet 1993 , Mordelet & Menaut 1995 , San Jose & Montes 1997 . Also stochastic variation in fire frequency and the date of burning are of importance (Bloesch 2002 , Louppe et al. 1995 .
Among the tree species we found in our study, A. leiocarpus has the highest potential to break through the buffering mechanism of fire by regenerating in savanna sites, being moderately fire resistant, and killing out grass effectively (Irvine 1961) . Combretum nigricans, that shows a regeneration peak directly at the borderline of the forests, did not regenerate in savanna plots and was not correlated with fuel load. Savanna trees such as Crossopteryx febrifuga and Detarium microcarpum may also suppress grasses, but their abundance, however, is too low in the study region to initiate a succession from savanna to forest. On the other hand, forest tree species clearly reduced grass biomass in the forest interior, but regenerated at shady sites with a low fuel load including sites in the understorey of A. leiocarpus and not in the savanna.
In total, our results suggest that A. leiocarpus may act as an important pioneer species which plays a significant role in the succession from savanna to forest and, thus, in the dynamics of the studied forest-savanna mosaic. In the study region, however, not all forest borders are fringed by A. leiocarpus (Poilecot et al. 1991) . Also tree inventories in Hovestadt et al. (1999) show that A. leiocarpus is absent from some small forest islands. This underlines that the successional pathway (Gibson 1996) proposed here is only one possibility in forest succession at forest-savanna borders in West Africa.
Appendix. Mean abundance of four diameter classes (DC1: < 1 cm dbh, DC2: 1 − < 6 cm dbh, DC3: 6 − < 30 cm dbh, DC4: ≥ 30 cm dbh) of 10 dominant tree species in transect segments with high abundance of Anogeissus leiocarpus (S-Eco, B-Eco, and F-Eco; cf. Figure 1) . Each transect segment is divided in three sub-segments. Different letters indicate statistically significant differences between sub-segments (multiple range test (α = 0.05, TUKEY, SPSS 11.0) subsequent to a two-way ANOVA (P-tran, P-plot), av = assumptions of ANOVA violated). An interaction term was not included in the analysis because the error term would show zero degrees of freedom. 
